Abstract. Leydig cells are the primary source of testosterone in the male, and differentiation of Leydig cells in the testes is one of the primary events in the development of the male body and fertility. Stem Leydig cells (SLCs) exist in the testis throughout postnatal life, but a lack of cell surface markers previously hindered attempts to obtain purified SLC fractions. Once isolated, the properties of SLCs provide interesting clues for the ontogeny of these cells within the embryo. Moreover, the clinical potential of SLCs might be used to reverse age-related declines in testosterone levels in aging men, and stimulate reproductive function in hypogonadal males. This review focuses on the source, identification and outlook for therapeutic applications of SLCs. Separate pools of SLCs may give rise to fetal and adult generations of Leydig cell, which may account for their observed functional differences. These differences should in turn be taken into account when assessing the consequences of environmental pollutants such as the phthalate ester, diethylhexylphthalate (DEHP).
Introduction
Stem cells are of interest because they possess the ability to self-renew and differentiate into a variety of cell types. The recognition that somatic stem cells can be isolated and are able to renew tissues has led to research on the use these cells in clinical therapy [1] . For example, bone marrow cells were first used successfully four decades ago, and cord blood stem cells more recently, in the past 10-15 years, in stem cell therapy. The therapeutic applications of these cells have included treatment of blood disorders such as leukaemia, multiple myeloma, lymphoma, and disorders with defective genes such as severe combined immune deficiency [2, 3] .
Stem cells can be classified on a functional basis, according to their potential for differentiation, as toti-, pluri-, or multipotent ( Fig. 1) [4] . During mammalian development, the fertilized oocyte generates a complex organism comprising more than 200 different cell types. Fertilization of the egg and sperm lead to the formation of a blastocyst, the inner cell mass of which is removed to create an embryonic stem cell line. The cells of the inner cell mass (ICM) are pluripotent and will differentiate under appropriate culture conditions into the three lineages of multipotential stem cells: ectoderm, endoderm and mesoderm, from which all mature cells will develop. Examples include nervous tissue, pancreas and heart, respectively. Developmental potential results from the capability of early embryonic cells to proliferate and to differentiate into all cell lineages including the germ line. More recently, it has been shown that embryonic germ (EG) cell lines, established from primitive reproductive cells of the fetus, are functionally equivalent to embryonic stem cells (ES). Totipotency, defined as the ability to generate an entire organism independently, is retained by the zygote and its early progeny up to the 8-cell stage of the morula. Pluripotency is the capability of a stem cell to create many, but not all, of the cell types in an organism. Cells in a developing embryo, totipotent at the beginning, lose this feature after several cell divisions as the organism develops and become pluripotent. Multipotent stem cells, finally, are those that can only give rise to cells of the tissue from which they were isolated. Therefore, based on the criteria of differentiation potential, embryonic stem cells (ESCs) are the least differentiated and, conversely, have the greatest potential and plasticity, as compared to multipotent stem cell lineages such as adult stem cells (ASCs) (bone marrow and tissue-specific stem cells), lineage-specific precursors, and terminally differentiated cells [5] .
The distinguishing features of ESCs are their capacity to be maintained in an undifferentiated state indefinitely in culture and the potential to develop into every cell of the body. The ability of ESCs to develop into multiple cell types has drawn interest from investigators in regenerative medicine [6] [7] [8] . However, studies of ESCs have also highlighted problems associated with inefficient differentiation, tumorigenicity, immunogenicity and unresolved ethical issues surrounding the isolation of cells from human embryos. In this regard, ASCs provide an attractive alternative as they can be derived from the patient's own tissues, avoiding ethical issues and immunological rejection, and they are also non-tumorigenic [9] . ASCs could supply sufficient numbers of cells for current transplantation needs. Bone marrow stem cells and those ASCs (hematopoietic stem cells) derived from umbilical cord blood have been used, respectively, in regenerating heart muscle after myocardial infarcts and in the treatment of leukemia [10] .
Adult stem cells probably reside in every tissue, having been detected in brain, bone marrow, peripheral blood, kidney, digestive tract epithelia, skin, retina, muscles, pancreas, and liver [11, 12] . The ASCs have common features that enable them to produce identical daughter cells over the course of many rounds of cell division. This feature is often referred to as selfrenewal or clonogenicity. Another property of ASCs is their ability to give rise to precursors of descendents, and then terminally differentiated cells with specified morphological characteristics and functions [13] . In mature tissues, ASCs play a crucial role in maintaining local homeostasis by replacing dead or damaged cells as well as in the process of tissue remodeling [14] .
More recently, it has also been suggested that testicular tissue can be regenerated from stem cell populations, including spermatogonial stem cells (SSCs) [15] and stem Leydig cells (SLCs) [16] . In the mammalian testis, continuous production of mature spermatozoa throughout life is maintained by a small population of SSCs. They are unipotent, and have the ability to form spermatozoa but no other cell lineages [17, 18] . It is now possible to identify, isolate, maintain, expand the spermatogonia as cell lines, and to induce their differentiation in vitro [19] . When transplanted into the seminiferous tubules of an infertile male, SSCs can regenerate spermatogenesis in rats [15, 20, 21] .
Leydig cells are the primary source of testosterone in the male, and differentiation of Leydig cells in the testes is one of the primary events in the development of the male body and fertility. Most authors agree that SLCs are included among peritubular and perivascular fibroblast-like (also called mesenchymal) cells in the interstitial space of the postnatal testis. Between day 7 and day 11, the SLCs commit to lineage specific differentiation, accompanied by further proliferation, ultimately leading to the formation of mature numbers of adult Leydig cells [22] . The clinical potential of SLCs for therapeutic androgen replacement has yet to be realized. Administration of exogenous androgen is now routine, but SLCs could have a relative advantage in that the release of testosterone would be subject to the body's innate regulatory cues and would thus be more physiological [23] . Thus, SLCs might be used to reverse severe age-related declines in testosterone levels in men. A more pressing case for clinical use might even be made with hypogonadal males.
Up until recently, it has not been possible to explore the potential of SLCs for stem cell therapy in the male, because these cells were unavailable. A lack of cell surface markers hindered attempts to obtain purified SLC fractions [24] . Once isolated, the properties of SLCs provide interesting clues for the ontogeny of these cells within the embryo. This review focuses on the source, identification and outlook for therapeutic applications of SLCs. In particular, we discuss their potential for treatment of androgen deficiency resulting from exposures to environmental pollutants, examining the anti-androgenic phthalate ester, diethylhexylphthalate (DEHP).
Development of the Leydig cell lineage
In rodents, Leydig cells exist as two generations,fetal and adult. The fetal Leydig cells (FLCs) differentiate from stem cells during gestation. They produce androgen required for masculinization of the male embryo as well as relaxin-like factor (RLF; also called insulin-like factor 3), which regulates the trans-abdominal phase of testicular descent [25, 26] . The testis differentiates from the gonadal ridge primordium on day 10 (E10), and stem cells of the FLCs commit and differentiate into mature FLCs by E12. These cells are fully competent steroidogenically. The FLCs attain their highest steroidogenic activity 1 or 2 days prior to birth on day 19 of gestation, and the testosterone secreted is critical for male secondary sexual differentiation (i.e., development of the penis and sex accessory glands) [27] . The FLCs are terminally differentiated and do not divide. They remain in the testicular interstitium after birth, but rapidly involute [28] , and the contribution of FLCs to postnatal androgen secretion is thought to be negligible.
After birth, the Leydig cell lineage can be conceptually divided into three developmental stages based on morphological and biochemical criteria [27] . It has been suggested that, in rats, the putative Leydig stem cells are present in the interstitium of the testis at birth, and that by 11 days postpartum, at least some of their progeny express Leydig cell-specific genes (i.e. 3β-hydroxysteroid dehydrogenase, 3β-HSD) and thus become committed to the Leydig cell lineage. The committed cells subsequently undergo phased transitions through progenitor and immature stages and ultimately become terminally differentiated adult Leydig cells (ALCs). This developmental sequence of Leydig cells has been defined only in the rat, but a similar progression is postulated for other species, including humans.
Progenitor Leydig cells (PLCs)
In the ALC lineage, stem cells do not directly convert into the terminally-differentiated daughter cells. Rather, they must first pass through transitional phases starting with the formation of PLCs. The PLCs are intermediate, transit amplifying populations that serve to supply differentiated cells in the numbers needed. As transit amplifying cells, PLCs arise from SLCs and divide a finite number of times until they become progressively more differentiated. The PLCs are stem celllike in that they are capable of maintaining their numbers by self-renewing divisions. However they differ from stem cells, which have a low mitotic rate and generate small numbers of progenitors, because they proliferate rapidly. As the first recognizable stage in the Leydig cell lineage, PLCs form from SLCs during days 12-28 postpartum. In addition to be being highly proliferative [29] , PLCs express several of the mRNA and proteins associated with steroidogenic function, including cytochrome P450 cholesterol sidechain cleavage enzyme (CYP-11B1), 3β-HSD, cytochrome P450 17α-hydroxylase/C 17−20 lyase (CYP-17), and luteinizing hormone receptor (LHR). They have negligible amounts of 17β-hydroxysteroid dehydrogenase 3 (17β-HSD3), but have high expression levels of steroid metabolizing enzymes such as 5α-reductase 1 and 3α-hydroxysteroid dehydrogenase (3α-HSD), and produce androsterone as their main androgen end product [30] .
Immature (ILCs) and adult Leydig cells (ALCs)
During days 12 through 28 postpartum, PLCs gradually enlarge, become round, and reduce their proliferative capacity. This second transition results in the formation of another intermediate, ILCs, most commonly seen in the testis during Days 28 to 56 postpartum. In rats, ILCs have more smooth endoplasmic reticu-lum (SER) compared to PLCs and, in addition, contain cytoplasmic lipid droplets that support a high level of steroidogenic capacity. With the emergent increase of 17β-HSD3 activity in the presence of continued 5α-reductase 1 and 3α-HSD expression, 5α-androstane-17β, 3α-diol (DIOL) is the predominant androgen synthesized [30] . ILCs undergo a final division before the transition to ALCs, which occurs by Day 56. ALCs are large, with an abundance of smooth endoplasmic reticulum, few lipid droplets, high levels of steroidogenic enzyme activity, and testosterone is the predominant androgen secreted due to the sharp decline in 5α-reductase 1 expression [30] . ALCs appear at puberty and produce the testosterone required for the onset of spermatogenesis and the maintenance of adult male reproductive functions. ALCs comprise the predominant population of Leydig cells in the sexually mature testis.
Presently, it is still unknown whether FLCs and ALCs originate from a common stem cell. They are sufficiently different functionally to raise the question of whether their lineage is shared. A recent study demonstrated that thrombospondin 2 is mainly expressed in FLCs, and 3β-hydroxysteroid dehydrogenase 6 (3β-HSD6) and 17β-hydroxysteroid dehydrogenase 3 (17β-HSD3) are expressed in ALCs, thereby providing markers for the two Leydig cell generations [31] . In addition, the inhibitory guanine nucleotide-binding regulatory protein, which induces a rapid decline in LH-mediated signal transduction, is present in FLCs and undetectable in ALCs [32] .
SLCs have been isolated and have been found to meet two criteria for "stemness": (i) they are capable of self-renewal for months in vitro, implying that they are able to remain in the cell cycle throughout adult life without entering G 0 (and subsequently following the differentiation pathway) and (ii) they produce differentiated daughter cells [27] .
Identification and isolation of stem Leydig cells
Identification of specific surface markers in SLCs has posed a technical challenge and could elucidate their ontogeny. Theoretically, SLCs are present in the testis only in small numbers and must be maintained by renewal cell divisions. Three distinctive characteristics would be expected for SLCs: (i) the ability to proliferate and expand indefinitely in vitro (self renewal) without showing signs of differentiation; (ii) the ability to differentiate (i.e., to express enzymes such as 3β-HSD and ultimately synthesize testosterone); and (iii) when transplanted into host rat testes, the ability to colonize the interstitium and subsequently differentiate in vivo. Putative SLCs that were isolated from the neonatal testis at 7 days postpartum expanded their numbers during prolonged culture in vitro, and were induced to express proteins associated with Leydig cell differentiation, including LHR, steroidogenic acute regulatory protein (StAR), CYP-11B1, 3β-HSD, and CYP-17. Moreover these cells were able to colonize a host testis that had been depleted of ALCs.
Morphologically, the putative SLCs are similar in morphology to PLCs. The putative SLCs are most readily harvested from the testis on day 7 postpartum, when the PLCs are not yet present, based on the presence of lineage-specific markers. The onset of steroidogenic enzyme and LHR gene expression occurs later in the PLCs which, like the SLCs, are spindle-shaped interstitial cells, on day 11 postpartum [33] . Many of the candidate markers of SLCs are receptors for hormones including leukemia inhibitory factor (LIF), platelet-derived growth factor receptor-α (PDGFRα), and LHR.
LIF and SLC self-renewal
LIF is a member of the interleukin 6 family of cytokines and has been found to mediate self-renewal of stem cells [34] . LIF is required for long-term selfrenewal of neural stem cells and for maintenance of primordial germ cells in vitro. In the rat testis, the high concentration of LIF detected in testicular lymph supports the concept that peritubular cells are the principal source of testicular LIF [33] . LIF is detectable from 13.5 days of gestation onward and is predominantly expressed by peritubular myoid cells surrounding the seminiferous tubules. In the first week postnatally, the peritubular cells have a mesenchymal ultrastructure, appearing spindle-shaped by light microscopy. These cells form a two-to three-cell-layer-thick boundary tissue (lamina propria) adjacent to the basal lamina of the seminiferous epithelium. The putative SLCs are situated in the outermost layer of the boundary tissue, in the interstitial space, and therefore are likely to be targets of LIF. SLCs have been found to express LIFR, and LIF stimulates their proliferation in vitro. LIFR and its intracellular signaling partner subunit gp130 are expressed at their highest levels in PLCs relative to expression levels in ILCs and ALCs, thus linking the identified putative SLCs to later stages of LC differentiation [34] .
PDGFRα and commitment of SLCs to
differentiation In mice, PDGFRα can be used as a Leydig cell lineage marker. PDGFRα is expressed at low levels in the mesenchyme of the mesonephros on day 11.5 of gestation in both sexes. It is also highly expressed in the coelomic epithelium and at the gonad-mesonephros border on day 11.5 again in both sexes. By day 12.5, expression is confined to the male and is very strong in the interstitial cells. After birth, PDGFRα has a more discrete distribution in the neonatal testis, and is located in the interstitial areas near peritubular cells. Finally, in adult testes, PDGFRα is localized exclusively in ALCs [27, 35] . This change in the pattern of localization might suggest that PDGFRα-positive peritubular cells are in the stem cell niche of the Leydig cell lineage. Consistent with this idea, expression of PDGFRα was observed in immunopurified LHR-negative-PDGFRα-positive cells obtained from 7-day-old rats. This indicates that PDGF signaling is necessary for stem cell commitment and differentiation in the Leydig cell lineage of mice and neonatal rats.
Modulation of LH action on the differentiation
of SLCs Testicular steroid hormone biosynthesis is a hormonally regulated, multistep process in which LH is known to play a crucial role as a trophic regulator. It has been established that development of steroidogenic capacity in Leydig cells requires stimulation by LH. In genetically hypogonadal LH-deficient GnRH hpg mice, for example, ALC numbers reach only 10% of control [36] . Similarly, although 3βHSD-expressing PLCs are formed in LHR knockout mice, LCs fail to develop further and remain severely hypoplastic. These results indicate that factors other than LH may act on the putative SLCs to induce LHR expression. Evidence from mouse knockout studies suggests a role of for IGF-1 and PDGF in SLC proliferation and differentiation. Within the SLC, the transcription factors GATA4 and steroidogenic factor 1 are involved in the induction of Leydig cell-specific gene expression.
Gene expression changes during Leydig cell differentiation
Changes in gene expression during development of Leydig cells have been investigated by cDNA array analysis using purified fractions of PLCs, ILCs, and ALCs. In the array, 1176 genes were present, representing 24 functional groups, including apoptosis and cell cycle proteins, extracellular regulators, heat shock, intracellular signaling proteins, metabolizing enzymes, oncogenes, transporters, and transcription factors. Of the 1176 genes, 513 were identified in PLCs, 423 in ILCs, and 581 in ALCs [37] . When the signal intensities for genes associated with PLCs were compared relative to ALCs, mRNAs corresponding for 107 known genes were down regulated by at least twofold. Among them, RCL (Rcl), a c-myc target gene, was the most abundant in PLCs, and was down regulated by fourfold in ALCs. In contrast, mRNA levels corresponding to 202 genes were increased by at least twofold during the transition from PLC to ALC, which was consistent with the increase of Leydig cell steroidogenic capacity during conversion of PLCs into ALCs. For example, genes encoding testosterone biosynthetic enzymes were highly expressed in ALCs with CYP-17 ranked number 1, 3β-HSD1 number 4, and CYP-11A1 number 17 [37] . The developmental patterns of gene expression are grouped in Fig. 2. 
Reproductive toxicants and Leydig cell lineage
Mammalian spermatogenesis takes places within the avascular seminiferous tubules of the testis. Specialized tight junctions, which form between adjacent Sertoli cells at the time of puberty, divide the tubular space into the basal and adluminal compartments, and create a "blood-testis" barrier that restricts passage of substances and ions from the circulation. However, many chemicals are known to cause testicular damage in the human male and experimental animals, such as cadmium chloride, phthalates, and biphenyl A. The targets of these testicular toxicants may include germ, Sertoli, peritubular, or Leydig cells. When Sertoli cells are exposed to toxicants such as 2, 5-hexanedione [22] or mono-(2-ethylhexyl) phthalate, the resulting damage is typically irreversible because these cells are not maintained by a stem cell pool. In contrast, Leydig cells have a comparatively greater ability to recover from exposures to toxicants, which might be attributable to the persistence of SLC populations in the testis throughout adult life [38] .
A distinguishing characteristic of many reproductive toxicants is the ability to act differently depending on developmental stage. An agent might have more severe effects, for example, if it acts on a stem cell population rather than the mature cell type. Some agents, such as busulphan, kill stem cells (spermatogonia), whereas others, such as ethane dimethane sulphonate, kill the mature terminally differentiated cell (i.e., Leydig cell), but leave the stem cell alone [38, 39] . In some instances, however, sustained effects of a chemical are seen, which may indicate that toxic action is occurring on SLCs. For example, sustained declines in testosterone production after prenatal exposure to DEHP could indicate that stem cells of the FLCs are targeted [40] .
Recent epidemiological evidence indicates that boys born to women exposed to phthalates during pregnancy have an increased incidence of genital malformations and spermatogenic dysfunction, signs of a condition referred to as testicular dysgenesis syndrome (TDS) [41] . TDS is thought to develop as a result of environmental factors that cause a testicular disturbance at an early fetal stage with a resultant spectrum of clinical testicular dysfunction, ranging from impaired spermatogenesis and genital malformations to increased risk for development of testicular cancer. Proposed environmental factors in the etiology of TDS include endocrine disrupting compounds such as the phthalates. Leydig cells have been classified as one of the main targets for phthalate toxicity in the body based on studies in rodents. The impact of phthalate exposures will be considered further to elucidate their differential toxicity during development.
Phthalates and their endocrine disrupting effects
Carlsen and co-workers reported that the quality of male sperm declined to 40%-50% in the past fifty years, drawing attention to potential biological effects related to environmental endocrine disruptors (EEDs). Exposures to EEDs are associated with reproductive tract anomalies including hypospadias (abnormal formation of the urethral meatus), and testicular maldescent [42] . According to the definition from the Endocrine Disruptor Screening and Testing Advisory Committee (ED-STAC), EEDs are exogenous substances that alone or as mixtures affect the function of the endocrine system causing adverse health effects. More than two hundred chemicals are considered to meet the criteria for classification as EEDs, including compounds such as pesticides, plasticizers, natural plant metabolites, detergents, and metals.
Phthalates are diester derivatives of phthalic acid used primarily as plasticizers to make plastic products more flexible. Certain plastics may contain up to 40% phthalate by weight. Phthalates do not become a permanent (chemically bonded) part of the plastic matrix during the manufacturing process, and they can and do leach from the plastic over time. From available exposure data, phthalates are found in many types of envi-ronmental specimens, including air, ground water, soil, sediment, seafood, etc. The concentrations of phthalates in those samples range from 10 −9 to 10 −1 mg/L (mg/kg). As a result, they have become ubiquitous in the environment, and people may be continuously exposed to low levels of phthalate.
Based in part on the significant environmental exposures, concerns have arisen over the possibility that phthalates exert reproductive and developmental effects in males and in the development of male offspring. The concerns have been particularly acute with respect to the most abundant phthalates, di-n-butyl phthalate (DBP) and di-2-ethylhexyl phthalate (DEHP). Animal data suggest a broad spectrum of health outcomes associated with phthalate exposure including developmental toxicity (cleft palate, decreased pup weight, testicular damage), endocrine disruption (testicular toxicity, decreased sperm motility, decreased fertility, decreased milk synthesis), and carcinogenicity [43, 44] . Important windows of sensitivity to phthalate exposure occur in utero and during lactation [45] . There is no consensus on phthalate exposures and male reproductive toxicity in humans, most likely due to insufficient epidemiological data. In one report of Agency for Toxic Substances and Disease Registry (ATSDR), the investigators could not find a quantitative association between DBP concentration in semen and spermatozoa density. However, a cross-sectional study conducted in Shanghai shows that positive association exists between the incidence of sperm malformations and DEHP concentration in semen [46] .
Phthalate toxicity in Leydig cells
The study of Leydig stem cell biology may also serve to enhance our understanding of reproductive toxicology. For example, phthalate exposures have been shown to induce cryptorchidism, hypospadias, impaired spermatogenesis, and reduced male fertility in rats [40] . Phthalates act not only in the seminiferous tubule, but are Leydig cell toxicants. Both FLC and ALC generations may be affected depending on the timing and duration of exposures, and the mechanisms of phthalatemediated toxicity may differ between the pre-and postnatal lineages. In this regard, the use of SLC cultures may allow the identification of the specific early risks of phthalate exposures, as well as the temporal nature and mechanism of the toxic effect.
Phthalates are now present virtually everywhere in the environment, and the prevalent human exposures are of particular concern. Recently, a reduction of the anogenital distance (AGD), an androgen dependent parameter of male sexual development, was observed in infant boys with increasing levels of MBP, MEP, monobenzyl and mono-isobutyl phthalate in maternal urine samples during late-pregnancy [47] . Boys with a short anogenital index also showed a high prevalence of cryptorchidism and small genital size [47, 48] . Phthalate monoester contamination of human breast milk has an inhibitory effect on the postnatal surge of reproductive hormones in newborn boys [49] . These correlations between exposure levels and adverse reproductive health outcomes are apparently preceded by a decrease in fetal and adult Leydig cell function, inducing lower testicular levels of testosterone [50] .
A biphasic effect on both fetal and adult Leydig cell populations appears to be a characteristic of phthalate exposures [40, 51, 52] . At lower doses, phthalates increase testosterone production either by increasing Leydig cell numbers [51] or by directly stimulating testosterone production [40, 52] . The NOAEL and LOAEL for stimulation of testosterone can be achieved for DEHP at 1 and 10 mg/kg/day [40, 51] , respectively. This low-dose stimulation by DEHP is also seen after inhalation exposures to DEHP at doses comparable to oral administration of 1-5 mg/kg/day [53] . This increase in testosterone production is sufficient to advance the timing of puberty as judged by an earlier onset of preputial separation [40] . In contrast, phthalates inhibit testosterone production in both fetal and adult Leydig cells when rats are exposed to higher doses. Male reproductive tract abnormalities, as well as depressed testosterone levels, are observed at 6, 12, and 18 months of age following in utero exposure to DBP, suggesting that the disturbance of FLCs is associated with a sustained disturbance of steroidogenesis in adult Leydig cells.
The underlying mechanisms of the biphasic effects of phthalate on Leydig cells are not well understood. One of the causes of increased testosterone production may be DEHP-mediated Leydig cell hyperplasia induced by increased estrogen action. Aromatase expression and activity are increased in Leydig cells after phthalate exposure. This, in turn, could lead to abnormal estrogen action at the testicular level, which is a known cause of Leydig cell hyperplasia and Leydig cell tumors in rodents. Steroidogenic capacity normalized to Leydig cell numbers decreases after 28-day exposures to low doses of DEHP, and the observed increases in serum testosterone levels may be explainable by increased cell numbers, which is consistent with the elevated serum LH levels seen after treatment [52] .
Phthalate effects in the male at high doses may involve the activity of peroxisome proliferators. Peroxisome proliferators secreted by hepatic cells could stimulate the peroxisome proliferator-activated receptors (PPARs) in Leydig cells. PPARs which are members of a nuclear receptor superfamily then act as heterodimers with the retinoid X receptor (RXR) to regulate transcription, and once activated, induce transcription of genes containing peroxisome proliferator response elements. However, the reproductive toxicity of phthalates cannot be entirely explained by the action of a PPARα-mediated pathway, because PPARα-null mice remain sensitive to DEHP-mediated reproductive toxicity. Another signaling pathway in Leydig cells that could be disrupted by phthalate exposure is mediated by the aryl hydrocarbon receptor. Fetal testes of animals treated with DBP in vivo have an altered pattern of gene expression, including increased expression levels of aryl hydrocarbon receptor, CYP-1B1, and epoxide hydrolase, as assessed by cDNA microarray, which may indicate an oxidative stress response [37] . In general, newborns in neonatal intensive care units are considered to have large exposures to phthalates by coming into contact with the plastics in medical supplies, which are favored because they can be readily sterilized and disposed of after single use. As SLCs are most abundant in the fetus and neonate, newborns and children are the most vulnerable populations for phthalate exposures. Mechanisms of phthalate-mediated toxicity in SLCs will require additional analysis.
Summary
With the advent of their identification and isolation, SLCs provide a new tool for research into Leydig cell ontogeny and toxicology. In the future, SLCs may also have clinical utility as a means of increasing testosterone levels. The use of testosterone supplementation for elderly men has increased markedly over the last decade due to a recognized gradual decline in serum testosterone [54] , which may lead to decreased bone mass, muscle strength, and libido. Research in SLCs is in its infancy, and many studies remain to be done before the promise for therapeutical use can be realized. The goal would be to use these cells in transplants to enhance testosterone levels in hypogonadal boys and in aging men. Transplantation of SLCs could afford a more effective and less-costly systemic therapy as compared to a lifetime need for steroid supplementation. The initial paradigm would call for harvesting the SLCs of an androgen deficient male (such as a man who is aging or exposed to an environmental reproductive toxicant), amplifying these stem cells in vitro, inducing differentiation in vitro, and then autologously implanting the mature Leydig cells back into the same individual. Compared with the routine application of exogenous androgen, the obvious advantage of SLC therapy is that the release of testosterone would be subject to the body's innate regulatory cues and would thus be more physiological. In the event that SLCs are depleted as a result of pathology or exposures to environmental toxicants, it may be possible to perform allogeneic transplants of SLCs from another person. Presently, alginate-poly-L-lysine-encapsulatedLeydig cell microspheres have been employed as a novel method for the delivery of testosterone in vivo, which might be adapted to the SLCs to futher expand research into their suitability for clinical use.
